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Abstract Anomalous changes in the ionospheric conditions related to the Wenchuan earthquake of
12 May 2008 are investigated using electron density (Ne) from Detection of Electro-Magnetic Emissions
Transmitted from Earthquake Regions (DEMETER) and CHAMP satellites, electric ﬁeld from DEMETER, and
GPS-total electron content (TEC) maps. The normalized Ne from the DEMETER satellite reveal that the
previously reported TEC increments before the earthquake can be considered as fragments of the gradual
equatorial ionization anomaly (EIA) enhancements near the epicenter longitude that began approximately
1 month before the earthquake and reached its maximum with an exceptionally large strength index 8 days
prior to the main shock. This feature is indirectly conﬁrmed through the CHAMP Ne and GPS TEC data.
Following the EIA intensity peak, disturbances in the Ne and O
+ density were observed in the nightside.
Based on the concurrent electric ﬁeld and Ne changes, it is suggested that EIA intensiﬁcation could be
triggered by the E ﬁeld disturbances over the epicenter.
1. Introduction
There have been numerous studies on observable precursors of earthquakes [Hayakawa et al., 2000; Ondoh,
2003; Oyama et al., 2008; Zhang et al., 2011] and on the underlying mechanisms [Namgaladze et al., 2009;
Freund, 2010; Kuo et al., 2011, 2014] that cause the ionospheric disturbances coupled to seismic activ-
ities. However, there has not yet been an indisputable and uniﬁed explanation for what triggers such
anomalies and why they occur before and after seismic disturbances. Meanwhile, recent statistical anal-
yses using ground [Fujiwara et al., 2004; Liu et al., 2006] and satellite [Li and Parrot, 2013] observations
have provided persuasive correlations between the seismic activities and the ionospheric disturbances
preceding earthquakes.
The previously investigated precursory phenomena of earthquakes are classiﬁed into several categories of
plasma waves, plasma density (ionic and electronic) and temperature variations, energetic particles, infrared
emissions, and so on. Larkina et al. [1989] reported an anomalous increase in the intensity of low-frequency
(0.1–16 kHz) radio wave emissions detected in the INTERCOSMOS-19 satellite data when it was nearly over
the epicenter of an earthquake zone. Theoretical studies have followed in order to explain the detected
ELF/VLF emissions over the epicenter region [Gokhberg et al., 1989; Sorokin and Chmyrev, 2002]. Boskova
et al. [1993] reported signiﬁcant changes in the light ions (H+ and He+) in the ion composition data from
the low-altitude INTERCOSMOS-24 satellite. Chmyrev et al. [1997] analyzed the COSMOS-1809 satellite data
for the ELF emissions, plasma density (Ne) and its variations (dNe), in the ionosphere above the Spitak earth-
quake zone. Hayakawa et al. [2000] reported a correlation between the global distribution of seismic activity
and ion density variations in the ionosphere, based on a large database of plasma densities measured by
the INTERCOSMOS-24 satellite. Oyama et al. [2011] reported that the electron temperatures observed by
the HINOTORI satellite around the epicenters of several large earthquakes that occurred in the Philippines
in January 1982 signiﬁcantly decreased in the afternoons several days before and after the earthquakes.
Oyama et al. [2011] discovered ion density reductions in the ionosphere associated with a large earthquake
(M = 7.5) observed by the US satellite DE-2. Furthermore, electric ﬁelds are said to be the most probable
candidates for modiﬁcations of the ionosphere. Ryu et al. [2014a] reported the equatorial ionization
anomaly (EIA) intensiﬁcation before and after the M8.7 Sumatra earthquake of March 2005 and the M8.0
Pisco earthquake of August 2007 as observed by the CHAMP (CHAllenging Mini-satellite Payload) and
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DEMETER (Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions) satellites. They
explained that changes in the ionospheric potential over the seismic region that accompany the converging
zonal electric ﬁeld can trigger upward (downward) plasma movement. Recently, Ryu et al. [2014b] extended
the case studies to the statistical study using 6 year long DEMETER observation and revealed there exist
signiﬁcant cross correlation between the EIA intensity and the seismic activity in the regions with frequent
earthquakes. Aleksandrin et al. [2003] analyzed the data of various near-Earth space experiments (MIR sta-
tion, METEOR-3, GAMMA, and SAMPEX satellites) and reported that particle bursts were observed several
hours before strong earthquakes. Tronin [1996] reported positive anomalies of the outgoing Earth radia-
tion ﬂux recorded at nighttime that were associated with the largest linear structures and fault systems of
the crust.
Since the Wenchuan large earthquake in May 2008, a number of papers have been published that describe
the precursory increase of the total electron content (TEC) related to the earthquake [Zhao et al., 2008;
Pulinets et al., 2010; Klimenko et al., 2011].Walker et al. [2013] reported that an increase in ULF wave activity
was found in the vicinity of the epicenter of the Wenchuan earthquake. Therefore, the ionospheric distur-
bances related to the Wenchuan earthquake of May 2008 have been revisited through investigating the
Ne and O
+ densities, the electric ﬁeld data of DEMETER [Parrot, 2002], and the Ne of CHAMP [Lühr et al., 2012],
in addition to the global VTEC data provided by the International GNSS (Global Navigation Satellite Systems)
Service (IGS) [Hernández-Pajares et al., 2009]. Based on these observations and the established theories, the
mechanism of the seismo-ionospheric coupling in the midlatitude region is discussed in the context of the
electromagnetic interactions of the ionospheric plasma.
2. Observations
2.1. Earthquake Occurrences and Space Weather Conditions
TheM7.9 Wenchuan earthquake in China, also known as the Eastern Sichuan earthquake, occurred on 12
May 2008 (06:28 UTC) and struck the eastern edge of the Tibetan Plateau at 31.015◦N, 103.365◦E in the
Longmenshan fault zone, which was formed as a result of the northward convergence of the India Plate
against the Eurasia Plate with a velocity of 50 mm/yr.
Table 1 presents the global distribution of the large earthquakes (M > 5.7) that occurred during the
study period (from D-40 to D+40). The main shock (36th in the list) and the spatially related large earth-
quakes are indicated using underlined numbers. As described in the list, the Wenchuan earthquake was
characterized by the absence of foreshocks and high aftershock activity, which made forewarning of the
devastating earthquake and averting damage practically impossible.
The spatial distribution of large earthquakes with M > 5.0 was depicted in Figure 1. As seen in the map,
the Wenchuan earthquake and its aftershocks were the most dominant seismic activities during the study
period and the seismic energy involved in the Wenchuan earthquake was at least 10 times larger than
any of the other seismic events, considering the relationship between the magnitude of an earthquake
(Ms, Richter magnitude) and the total radiated seismic energy (Es, in joules), log Es = 1.5Ms + 4.8, established
by Gutenberg and Richter [1956].
Figure 2 presents the solar wind conditions and geomagnetic activities for the study period (April to
June 2008) around the occurrence of the earthquake. The same parameters for 2007 and 2008 are shown
together for comparison. The solar wind conditions demonstrate that during this interval, the solar wind
speed and density recurrently increased and decreased (Figures 2h and 2i). Furthermore, there were
strong Alfvénic ﬂuctuations in the interplanetary magnetic ﬁeld (IMF) when the solar wind speed was high
(Figures 2e–2g). For the solar wind and IMF, the OMNI data were used and time shifted to the Earth’s bow
shock nose from the location of the ACE spacecraft (for further details, refer to http://omniweb.gsfc.nasa.
gov). These are features of the corotating interaction regions (CIRs). The geomagnetic activities caused
by the high-speed solar wind streams with the strong Alfvénic ﬂuctuations in the IMF are characterized
by the continuous enhancement of the Kp or AE indexes, which are often referred to as high-intensity,
long-duration, continuous AE activity [Tsurutani and Gonzalez, 1987].
Strong impacts of the high-speed solar wind streams on Earth’s magnetosphere occurred on 23 April,
approximately 19 days prior to the earthquake, and on 14 June, approximately 33 days after the earth-
quake. These resulted in moderate magnetic storms (−30nT > Dstmin > −60nT) and increases of the Kp
index greater than 3. Other impacts occurred evenly distributed in time, but they produced only moderate
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Table 1. List of Large Earthquakes That Occurred Around the Wenchuan Earthquake (36th in the List)a
No. M D UT Latitude Longitude Depth Magnitude No. M D UT Latitude Longitude Depth Magnitude
1 4 7 22:54 −20.0 168.5 10.0 5.8 36 5 12 6:28 31.0 103.3 19.0 7.9
2 4 9 11:13 −20.2 168.9 16.0 6.4 37 5 12 6:43 31.2 103.7 10.0 5.8
3 4 9 11:23 −20.2 168.9 35.0 6.3 38 5 12 11:11 31.2 103.6 10.0 6.1
4 4 9 12:46 −20.1 168.9 33.0 7.3 39 5 13 7:07 30.9 103.2 9.0 5.8
5 4 9 14:47 −20.0 168.9 35.0 6.3 40 5 15 14:23 −57.9 −25.5 35.0 5.9
6 4 10 1:10 −20.3 168.9 35.0 5.8 41 5 17 17:08 32.2 105.0 9.0 5.8
7 4 11 16:35 −20.4 168.8 35.0 5.9 42 5 19 3:16 −47.8 32.0 10.0 5.9
8 4 11 17:45 −20.4 168.8 11.0 6.1 43 5 19 14:26 1.6 99.1 10.0 6.0
9 4 12 0:30 −55.7 158.5 16.0 7.1 44 5 20 13:53 51.2 178.8 27.0 6.3
10 4 14 9:45 −56.0 −28.0 140.2 6.0 45 5 23 19:35 7.3 −34.9 8.0 6.5
11 4 15 3:03 13.6 −90.6 33.0 6.1 46 5 24 13:24 −7.2 156.1 29.0 5.9
12 4 15 22:59 51.9 −179.4 11.0 6.4 47 5 24 19:20 4.3 −73.8 8.9 5.9
13 4 16 0:35 −18.6 −175.7 10.0 6.3 48 5 25 8:21 32.6 105.4 18.0 6.1
14 4 16 5:54 51.9 −179.2 13.0 6.6 49 5 25 19:18 56.1 −153.8 22.0 6.0
15 4 16 19:19 39.0 140.0 166.0 5.8 50 5 27 5:51 −56.6 147.4 10.0 5.9
16 4 18 20:39 −17.3 −179.0 553.8 6.3 51 5 29 15:46 64.0 −21.0 9.0 6.3
17 4 18 21:10 −27.5 −176.6 10.0 5.8 52 5 30 7:25 30.8 141.5 16.0 5.8
18 4 19 3:12 −7.8 125.7 13.0 6.1 53 5 31 4:37 −41.2 80.5 9.0 6.4
19 4 19 5:58 −20.3 168.8 14.0 6.3 54 5 31 23:16 −28.9 −112.3 10.0 5.8
20 4 19 10:21 −7.9 125.7 10.0 6.0 55 6 1 1:57 20.1 121.3 31.0 6.3
21 4 23 18:28 22.9 121.6 10.0 6.0 56 6 1 14:31 −59.4 149.7 10.0 6.5
22 4 24 12:14 −1.2 −23.5 10.0 6.5 57 6 3 16:20 −10.5 161.3 84.0 6.2
23 4 26 23:34 −49.1 164.1 10.0 6.1 58 6 3 17:31 −8.2 120.3 14.0 5.9
24 4 28 0:06 17.8 −100.2 56.9 5.8 59 6 3 21:03 −8.1 120.3 7.0 5.8
25 4 28 15:57 −58.7 −24.7 35.0 6.1 60 6 3 22:04 −8.1 120.2 14.0 6.0
26 4 28 18:33 −19.9 169.0 32.0 6.4 61 6 5 2:16 −38.8 −91.6 10.0 6.0
27 4 28 20:26 −20.2 168.8 35.0 6.1 62 6 5 5:22 −38.9 −91.6 7.0 5.8
28 4 29 5:26 41.5 142.0 46.7 5.8 63 6 6 13:42 −7.5 127.9 122.0 6.0
29 4 29 19:10 −6.1 127.5 404.7 5.9 64 6 8 12:25 38.0 21.5 16.0 6.4
30 5 2 1:33 51.9 −177.5 14.0 6.6 65 6 10 4:13 −18.1 167.9 35.0 5.9
31 5 3 19:01 −6.6 155.1 35.0 5.8 66 6 12 5:30 −50.2 −114.2 10.0 5.9
32 5 7 16:02 36.2 141.5 19.0 6.2 67 6 13 23:43 39.0 140.9 7.8 6.9
33 5 7 16:16 36.2 141.8 23.3 6.1 68 6 15 1:13 −17.7 −179.7 611.4 5.9
34 5 7 16:45 36.2 141.5 27.0 6.9 69 6 15 8:37 −36.6 −107.4 10.0 6.0
35 5 9 21:51 12.5 143.2 76.0 6.8 70 6 17 17:42 5.0 −82.7 10.0 5.9
aThe earthquakes in the list have magnitudes greater than 5.7 and occurred globally between 40 days prior to and 40 days after the Wenchuan earthquake.
Note that the underlined earthquake numbers represent the earthquakes that are spatially related to the Wenchuan earthquake.
disturbances in the Kp index. Near the earthquake occurrence, a moderate geomagnetic storm on 2
May occurred with a Kp of ∼4.0. The solar wind conditions and geomagnetic activities data were used to
determine if the observed disturbances resulted from a seismic origin or other eﬀects.
The year 2008 was in the solar minimum phase right before the end of Solar Cycle 23. Thus, the F10.7 solar
ﬂux level was very low, typically less than 80 solar ﬂux unit, which indicates that the disturbances in the
ionosphere that were directly caused by solar irradiance were insigniﬁcant. For the disturbances related
to the seismo-ionospheric coupling process, the aﬀected area would corotate with the Earth, and a distur-
bance would emerge when the longitudinal variations in the satellite measurements, at the same or a similar
local time, were investigated. Weak solar activity and relatively quiet geomagnetic conditions around the
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Figure 1. Geographic map illustrating the epicenter and the DEMETER and CHAMP satellite passes that are introduced
explicitly in the text. The orbit numbers are indicated on the trajectories. The epicenter of the main earthquake is marked
using a red star, while the epicenters of the large earthquakes that occurred during the study period (as listed in Table 1)
are indicated by orange circles with diameters proportional to their magnitudes.
time of earthquake occurrence enabled the investigation and focus of the local variations of the ionosphere
caused by seismic origins.
2.2. Observations and Data Processing
At the time of the earthquake, the polar orbiting satellites (DEMETER and CHAMP) were operational and
provided observational data of the ionospheric F2 region. DEMETER was launched on 29 June 2004 [Cussac
et al., 2006] to study the ionosphere disturbances caused by seismoelectromagnetic eﬀects. DEMETER mea-
sured the ionospheric plasma parameters from a Sun-synchronous orbit, with a local equatorial crossing on
an ascending node at 22:30. The orbit altitude was 710 km at the time of the launch and lowered to 660 km
in December 2005, without changing the ascending node. The data measured by the retarding potential
analyzer (Instrument d’Analyse du Plasma; IAP) [Berthelier et al., 2006a], the electric ﬁeld sensor (Instrument
Champ Electrique; ICE) [Berthelier et al., 2006b], and the Langmuir probe (Instrument Sonde de Langmuir;
ISL) [Lebreton et al., 2006] were used in this study. The instruments measured, in situ, the electron density,
electron temperature, ion density, and ion temperature.
The German satellite CHAMP was launched in July 2000 into a circular, near-polar (inclination: 87◦) orbit at
460 km altitude. During its lifetime, the orbit had slowly decayed to 350 km altitude by the end of 2007,
with its ﬁnal reentry into the atmosphere on 19 September 2010. The orbital plane processed through the
local time at a rate of approximately 5.5 min per day, sweeping all time zones within 131 days. Among the
various measurements, the electron density data collected by the PLP (Planar Langmuir Probe) were used in
comparison with the other ionospheric measurements. The CHAMP electron density data were validated by
McNamara et al. [2007].
For the complementary analyses, the IONospheric Map EXchange global ionospheric maps [Hernández-
Pajares et al., 2009] were used to verify whether the satellite measurements were consistent with the total
electron content (TEC) values derived from the GPS. The global vertical TEC (VTEC) maps generated from
worldwide-distributed GPS stations using the dual-frequency sounding method are distributed by the Inter-
national GNSS (Global Navigation Satellite Systems) Service (IGS). In this study, the combined VTEC values,
labeled as IGSG, with resolutions of 2 h, 5◦, and 2.5◦ in time, longitude, and latitude, respectively, were used
in combination with the in situ measurements.
For this study, the ionospheric measurement data from 2 April to 21 June (40 days prior to and after
the earthquake on 12 May 2008: the 133rd day of the year) were collected and used in the analyses. For
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Figure 2. Geomagnetic indices, solar indices, and solar wind conditions around the main earthquake on 12 May 2008
(red). The same parameters for 2007 (blue) and 2009 (green) are shown for comparison. (a) Kp index, (b) AE index, (c)
Dst index, (d) F10.7 solar radio ﬂux, interplanetary magnetic ﬁeld (Bx : (e), By : (f ), Bz : (g)), (h) solar wind speed, and (i) solar
wind density.
comparison with the same season in other years, 80 days from 93rd day to 173rd day in 2007 and 2009
were also investigated in order to determine whether the observed anomaly around the earthquake was
a seasonal variation. The DEMETER ionospheric data were obtained from the CDPP (Centre de Données de
la Physique des Plasmas) operated by le Centre National d’Etudes Spatiales, and the CHAMP data via ISDC
(Information System and Data Center) operated by the Helmholtz Centre Potsdam. The IGS global VTEC
map was procured from CDDIS (Crustal Dynamics Data Information System) managed by NASA (National
Aeronautics and Space Administration).
3. Results
3.1. DEMETER Observations of the EIA Enhancement
While investigating the DEMETER ionospheric data, it was realized that the electron density proﬁle mea-
sured by the ISL in the dayside on D-8 (4 May) along Orbit-20515, whose longitudes in the trajectory passed
very close to that of the epicenter, exhibited an anomalous increase in the equatorial region. The latitudinal
proﬁles of all orbits during the 2 day period (from D-8 to D-7) are presented in Figure 3. Because DEMETER
has a Sun-synchronous orbit, its orbit trajectories pass varying longitudes at a ﬁxed local time (10:30 LT) in
the dayside. This enabled the investigation of the regional anomalies regardless of the local time variations
of the ionosphere. As shown in Figure 3a, the electron densities in the equator region along the orbits whose
longitudinal distances were close to the epicenter are higher compared with the other orbits. The electron
density proﬁles of the three orbits with longitudinal distances of less than 20◦ from the epicenter are pre-
sented in Figure 3b. Compared with the averaged electron density proﬁle (the averaged values are the black
solid line and the standard deviation ranges are the dashed lines in Figure 3), the three orbits (Orbit-20515
and Orbit-20516 on D-8 and Orbit-20530 on D-7) have apparently high electron density over the standard
deviation range in the geomagnetic equator region.
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Figure 3. Latitudinal proﬁles of the ionospheric electron density (Ne)
measured by the DEMETER ISL in the dayside from D-8 to D-7 (4–5 May
2008). The graphs present (a) the proﬁles of all orbits with varying lon-
gitudinal distances from the epicenter whose color varies according to
the color bar shown on the graph and (b) the latitudinal proﬁles of orbits
whose longitudinal distances were less than 20◦ from the epicenter. The
solid and dashed lines represent the average and 1𝜎 range of the orbit
proﬁles. The green and orange boxes on the graph represent the latitudi-
nal range used to deﬁne the equatorial electron density (15◦S–15◦N) and
the midlatitude electron density (30◦N–50◦N).
The increased electron density in the
geomagnetic equator region can be
deﬁned as an enhanced EIA (equatorial
ionization anomaly) and can be quanti-
ﬁed using an EIA strength index. In this
study, the strength of the EIA is repre-
sented as the equatorial plasma density
normalized using the midlatitude den-
sity [Ryu et al., 2014a], which is similar
to the data presented by Kil et al. [2008]
where they normalized the equatorial
plasma density using the longitudinal
mean density. The normalized equato-
rial plasma density (NEPD) is deﬁned
as the ratio of the averaged Ne in the
region whose geomagnetic latitude is
within ±15◦ (green box in Figure 3b)
with respect to the averaged midlati-
tude Ne (30
◦S–50◦S and 30◦N–50◦N in
the geomagnetic latitude; the orange
boxes in Figure 3b). Because the NEPD
is deﬁned as a ratio of the equatorial
electron density with respect to the
midlatitude density, every orbit proﬁle
in the dayside has a characteristic NEPD
value. The evolutions of the NEPD val-
ues near the epicenter (15◦ from the
epicenter longitude) in the same sea-
son of 2007–2009 are presented in Figure 4. The X axis in the graphs represents the days with respect to
the Wenchuan earthquake. Because the earthquake occurred on the 133rd day of 2008, the days from the
earthquake occurrence for 2007 and 2009 represent the days from the 133rd day of the year.
The average NEPD and 1𝜎 range of the 6 year period of the DEMETER observations were indicated using the
red lines and green bands in the graphs, respectively. The background behavior of NEPD can vary according
to the solar cycle and orbit altitude change. The seasonal and longitudinal NEPD variations in the period of
2007–2009 coincide with the 6 year average within 5%, based on the analysis on the long-term behavior of
the NEPD. In 2007, the NEPD were large in general that the statistical average reaching almost 4.0 in several
orbits but not large as in 2008. In 2008, when the Wenchuan earthquake occurred, the NEPD were excep-
tionally large before the earthquake occurrence. The maximum NEPD were observed in Orbit-20515 on 4
May, which was 8 days before the earthquake. The NEPD value for 4 May was 4.8, which was higher than the
∼3𝜎 range, as seen in Figure 4b. It is noteworthy that among the 27,236 orbits during the stable observation
period of DEMETER (2005–2010), only 31 orbits had NEPD values that were 4.5 or larger, which corresponds
to 0.1%, and 0.5% of all the orbits had 4.0 or larger values. It appears that the increase of the NEPD began
before the peculiar increase on D-8. The NEPD exhibited an increasing trend from D-30 and some orbits in
D-22 to D-15 had values larger than 4.0. However, the geomagnetic activity does not explain the excep-
tionally large NEPD on D-8 because there was a moderate geomagnetic storm on D-10 and the NEPD did
not exhibit any coincident behavior. It is the same for the increments on D-22 to D-15 because a moder-
ate geomagnetic storm with Kp > 4.0 started on D-19, as seen in Figure 2. After the peculiar increase on
D-8, the NEPD gradually decreased within the 1𝜎 range before the earthquake. Increments also existed after
the earthquake (from D+10 to D+25), but it is not certain if the increases were related to seismic activity or
other eﬀects. In 2009, the NEPD values predominantly remained within the 1𝜎 range as seen in Figure 4c.
Some orbits had an increased NEPD value from the 120th day to the 150th day of the year (DOY), but the
increments were signiﬁcantly smaller compared with those in 2008.
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(a)
(b)
(c)
Figure 4. Temporal variations of the NEPD of the DEMETER satellite passes whose longitudes are within ±15◦ of the
Wenchuan region from April to June (93rd DOY173rd DOY) in the year (a) 2007, (b) 2008, and (c) 2009. The 6 year
averages and variations are represented as red lines and green bands on the graphs.
Figure 5 presents the global seismic activity during the same periods. Each point in the graphs repre-
sents an earthquake magnitude, while the colors represent the longitudinal distance from that of the
Wenchuan earthquake (103.365◦E). The most apparent feature in the seismic activity in the spring time (93rd
DOY–174th DOY) of 2007–2009 was the largestM7.9 Wenchuan earthquake and its aftershocks, which were
depicted in red as seen in Figure 5b. While 2007 and 2008 were seismically active in the investigated period,
the seismic activity in 2009 was particularly low and calm in the vicinity of the Wenchuan area. The Sumatra
Arc seismic zone, which has a similar longitude range (90◦E–100◦E) as the Wenchuan area was also calm in
seismic activity in 2009. If the NEPD variations were solely related to the seismic activity, then the small NEPD
in 2009 (Figure 4c) could be attributed to the absence of seismic activity (Figure 5c). The Wenchuan earth-
quake was characterized by an absence of foreshocks and extremely high aftershocks as seen in Figure 5b.
This might have provided an ideal opportunity to identify the possible precursory seismo-ionospheric
coupling with regard to the Wenchuan earthquake. While it is clear that the Wenchuan earthquake
and its aftershocks were the main seismic activity on a global scale in 2008, as well as in the regional
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(b)
(c)
Figure 5. The seismic activity from April to June (93rd DOY to 173rd DOY) in the year (a) 2007, (b) 2008, and (c) 2009. The
longitudinal distances from the Wenchuan earthquake are represented using varying colors as indicated by the color
bar, while the y axis represents the earthquake magnitudes.
perspective, the distribution of earthquakes in 2007 (Figure 5a) was somewhat complicated. Near the lon-
gitudinal region of Wenchuan (∼100◦E), which was colored using orange and red, a series of earthquakes
(M∼6.0) occurred on the 109th day of 2007. In addition, sporadic earthquakes with moderately large mag-
nitudes (4.0 < M < 6.0) occurred in the period from the 115th day to the 140th day, which approximately
coincides with the period when the NEPD were relatively large. The possibility that the enhanced EIA
observed in 2007 also resulted from the seismo-ionospheric coupling cannot be discarded.
In order to determine whether the precursory EIA enhancements were only seasonal or global enhance-
ments due to space weather or geomagnetic activity, or whether they were genuine seismo-ionospheric
couplings related to the Wenchuan earthquake, the daily longitudinal variations during the studied period
were plotted in Figure 6. The statistical averages and standard deviations of the NEPD during the DEMETER
observation period (2005–2010) were presented together as red lines and green bands, respectively, in the
plots. The values were derived for 5◦ intervals in the longitudinal direction and for 5 day intervals. Because
DEMETER had a Sun-synchronous orbit, daily observations of 14∼15 orbits generated longitudinal variations
of the EIA intensity at the ﬁxed local time. The black squares represent the NEPD values derived from
RYU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 10,312
Journal of Geophysical Research: Space Physics 10.1002/2014JA020613
Figure 6. The daily variations of the longitudinal distribution of the NEPD from D-39 to D+40 with respect to the
Wenchuan earthquake of 12 May 2008. The red lines and green bands represent the averages and deviations derived
from DEMETER’s stable observation in the period from 2005 to 2010.
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Figure 7. Latitudinal proﬁles of the ionospheric electron density (Ne)
measured by CHAMP PLP in the dayside from D-4 to D-3 (8–9 May 2008).
The graphs present (a) the proﬁles of all orbits with varying longitudi-
nal distances from the epicenter whose color varies according to the
color bar in the graph and (b) the latitudinal proﬁles of the orbits whose
longitudinal distances are less than 20◦ from the epicenter. The solid
and dashed lines represent the average and 1𝜎 range of the orbit pro-
ﬁles. (c) This graph represents the local time distributions of the data
observation points.
the latitudinal proﬁle of the electron
density. The most conspicuous fea-
ture in the graphs is that the NEPD of
Orbit-20515 on D-8 had the largest
value during the studied period and its
longitude coincided with that of the
epicenter of the Wenchuan earthquake,
which was represented as vertical lines
in the graphs.
The longitudinal EIA enhancement
along the epicenter of the Wenchuan
earthquake began from ∼D-29, with a
maximum intensity on D-8, and then
diminished afterward. The limited
longitudinal range of the EIA enhance-
ment excluded the possibility that the
intensiﬁed EIA was caused by space
weather or geomagnetic activity that
aﬀected the global ionosphere in
general, rather than a speciﬁc longi-
tude. Enhancements in the EIA feature
appeared in the same longitudinal
region on D+20 and D+22, which were
also shown in Figure 4b. They might
be related to a series of large earth-
quakes on D+23 that appear as red
dots in Figure 5b. The largest earth-
quake among the series of aftershocks
is EQ-48, in Table 1, with M6.1 and a
depth of 18.0 km.
3.2. CHAMP and GPS TEC Observations
The possible correlations of the exceptional increases of the EIA strength measured by DEMETER with the
seismic activities linked to the Wenchuan earthquake of 2008 were investigated. The longitudinal variations
support the possibility in the sense of space as well as time, since the increases of the NEPD were limited to
the region around the epicenter. It is not certain that the intensiﬁed EIA is a typical feature that can only be
seen in the DEMETER local time (10:30). CHAMP was also operational during the same period with varying
local times due to the precession. Around the time of the Wenchuan earthquake, the orbit plane of CHAMP
was located in the local time between 16:00 and 17:00, which is after the daily EIA intensity is maximized. In
addition to the local time, the altitude of CHAMP was signiﬁcantly lower than that of DEMETER, which results
in a diﬀerence in the Ne proﬁle.
Some orbits that passed the epicenter were identiﬁed to have enhanced EIA features with increased crest
geomagnetic latitudes. The most apparent enhancement was found in Orbit-865 on D-3 that passed
1.85◦ east of the epicenter, as seen in Figure 7. Figure 7a presents the latitudinal (geomagnetic) proﬁle in the
period from D-4 to D-3. The longitudinal distance from the epicenter was represented as varying colors. The
Ne proﬁles of the orbits with longitudinal distances of less than 15
◦ from the epicenter are presented sepa-
rately in Figure 7b. The crest positions of Orbit-865 were most extended to the poleward directions and the
peak electron densities at the crests were signiﬁcantly larger than the longitudinal average and standard
deviation ranges represented using solid and dashed black lines, respectively.
However, the time when the EIA observed by CHAMP was intensiﬁed did not coincide with that when the
EIA was enhanced in the DEMETER observation. On days D-3 and D-4 when CHAMP showed the intensiﬁed
EIA features, the DEMETER Ne proﬁle did not show any peculiar behavior near the epicenter as shown in
Figures 4 and 6. The most obvious diﬀerences of CHAMP and DEMETER which can explain the diﬀerent
behavior are the altitude and local time (see Figure 7c). This implies that the seismo-ionospheric coupling
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Figure 8. (a) GPS TEC map on 4 May 2008 (D-8) at 04:00 UTC, (b) averaged GPS TEC map of 04:00 UTC from April to June 2008, (c) ΔTEC map ((a)-(b)) that illustrates
the deviation of the TEC from the seasonal average on May 4, and (d) the daily evolution of the NEPD derived using the GPS TEC in the longitude range ±15◦ from
the epicenter at 04:00 UTC.
might be a complicated function of local time and altitude, as well as geometry of the electromagnetic
phenomena involved in the process. It seems that the anomalous increase of the EIA features observed by
DEMETER and CHAMP around the Wenchuan longitude show slowdown before the upcoming earthquake.
It is noteworthy that the increase and slowdown proﬁle of the fountain eﬀect resembles that of the gradual
variation of the electric ﬁeld of the earth which is a transient anomaly of long duration (of the order of
1 month) before large earthquakes [Varotsos et al., 2011].
A number of studies [Zhao et al., 2008; Pulinets et al., 2010; Klimenko et al., 2011] have reported increased TEC
prior to the Wenchuan earthquake derived from the GPS dual-frequency sounding method. Those studies
have only focused on the ionospheric disturbances in May 2008, while this study has demonstrated that the
intensiﬁed EIA derived from the electron density measured by DEMETER began from the middle of April and
had its peak intensity on D-8 (4 May). In this study, the global maps of vertical TEC of the ionosphere pro-
vided by the IGS [Hernández-Pajares et al., 2009] with 2 h intervals were used to verify whether the observed
EIA enhancement also appeared in the global TEC map.
As noted above, the EIA intensity represented in the NEPD values had its maximum during the study
period in Orbit-20515 on D-8. DEMETER passed the equator in a descending node at ∼03:20 UTC, 4 May, in
Orbit-20515. Accordingly, the IGS VTEC map of 04:00 UTC is the most adjacent to Orbit-20515 from the tem-
poral perspective. The global TEC map at 04:00 UTC 4 May 2008 is presented in Figure 8a. The EIA feature in
the dayside (90◦E–225◦E) is clearly seen as increased TEC to 30 total electron content unit (TECU) (1016 m−2)
along the geomagnetic dip equator. The epicenter, which is marked with a red star in the map, is at ∼11:00
LT and right before the daily EIA feature begins to emerge from the east. However, it is diﬃcult to conclude
that the TEC distribution is abnormal compared with the seasonal behavior based on the map alone.
The method of deriving the ΔTEC map as described by Klimenko et al. [2011] was used in the analyses of
the TEC disturbances prior to the Wenchuan earthquake. Figures 8b and 8c represent the seasonal averages
and ΔTEC map, respectively. The seasonal average map was derived through numerically averaging the
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GPS maps obtained during the period from April to June 2008, which encompasses the earthquake occur-
rence. The ΔTEC map was derived through subtracting the seasonal average (Figure 8b) from the TEC map
(Figure 8a) and it is presented in Figure 8c. It is apparent that the region with longitudes close to the epicen-
ter had increased EIA features with TEC values larger than the seasonal average by 6–7 TECU. Positive and
negative disturbances exist around 200◦E in the middle of the Paciﬁc Ocean; however, the reason for these
disturbances is not clear and is beyond the scope of this study.
Analogous to the DEMETER electron density, the NEPD can be derived for the GPS TEC by normalizing the
equatorial TEC with respect to the midlatitude TEC averaged in the longitude range±15◦ from the epicenter.
Figure 8d shows the daily evolution of the GPS NEPD. Though the evolution of the GPS NEPD is not exactly
following the DEMETER (Ne) NEPD and the magnitudes of the peaks are not directly proportional to each
other, the GPS NEPD shows clear increment whenever the DEMETER NEPD increases (e.g., D-29, D-14, D-8,
and D+12). This could because that the DEMETER NEPD is more sensitive to the plasma movement in the
F2 region while the GPS NEPD reﬂect the change of total electron contents. However, it can be said that
the DEMETER NEPD evolution, which reﬂects the change in the higher altitude, could be complementarily
conﬁrmed by the GPS NEPD.
3.3. Nighttime Observations and Electric Field Measurements
The EIA enhancements in the dayside ionosphere related to the Wenchuan earthquake were investigated
using the satellite data (DEMETER and CHAMP) and the GPS TEC maps. If the features are bound to the litho-
spheric phenomena (i.e., seismo-ionospheric coupling), there should also be anomalies in the nightside.
Kuo et al. [2014] noted that the depletion region of electron density caused by the seismically generated
zonal electric ﬁeld could trigger an equatorial plasma bubble (EPB) in the low geomagnetic latitude region,
but their assertion on the nighttime ionosphere around the seismic zone lacks observational evidence. Burke
et al. [2004] noted that EPBs are prone to occur when the magnetic ﬂux tubes are aligned with the dusk ter-
minator. In addition, tropospheric gravity waves have also been identiﬁed as a source of EPB occurrences
[Hysell et al., 1990].
The nighttime ionosphere observed by DEMETER was investigated in order to identify possible
seismo-ionospheric coupling. There were unclear signatures of EPB occurrences in this period. Even for
the EPB occurrences, they were not likely to be spatially related to the seismic zone. As noted above, the
EIA enhancement in the daytime ionosphere was maximized on D-8 (4 May) in Orbit-20515 that passed
5.15◦ east of the epicenter. Figure 9 presents the nighttime ionospheric conditions in the period from D-8 to
D-7, which were measured by the IAP and ISL instruments installed on DEMETER. The period encompasses
the successive night (Orbit-20522) of Orbit-20515 and the next night (Orbit-20536) when DEMETER passed
near the epicenter. Figure 9a presents the latitudinal proﬁles of the O+ density measured by the IAP accord-
ing to the longitudinal distances from the epicenter. In general, the Northern Hemisphere has a higher O+
density. An orbit close to the epicenter, which is indicated in red, has an atypical proﬁle compared with the
other orbits because the O+ density from the geomagnetic equator to the Northern Hemisphere was signif-
icantly reduced. This atypical reduction of O+ density in the Northern Hemisphere near the epicenter region
can also be found in the periods of D-12 to D-11 and D-6 to D-3.
The closest two orbits whose longitudinal distances were less than 15◦ are presented separately in Figure 9b.
The blue line indicates Orbit-20522 on D-8, which passed 12.6◦ west of the epicenter, and the red line rep-
resents Orbit-20536 on D-7, which passed 4.2◦ east of the epicenter. The orange and green dotted lines
represent H+ and He+ ion densities along Orbit-20536, respectively. In Orbit-20536, which passed closest to
the epicenter during the period, the O+ density had an asymmetric peak at the epicenter geomagnetic lat-
itude. With the increase of the O+ density around the geomagnetic latitude of the epicenter as the center,
the equatorward O+ density was signiﬁcantly reduced compared with the poleward O+ density. This asym-
metric density proﬁle (dotted circles in Figures 9b and 9c) was also found in the Ne measured by the ISL, as
seen in Figure 9c. The asymmetric electron density proﬁle above the epicenter latitude consistent with the
asymmetric O+ density ﬂuctuation implies that the atypical behavior was possibly caused by a plasma drift
rather than a chemical interaction within the ionosphere. The anomalous behavior of the light ionospheric
ions was reported before theM6.4 Iranian earthquake of June 1990 [Boskova et al., 1994]. The discrepancy in
the absolute values of Ne and ion densities is thought to be caused by the incomplete intercalibration of the
instruments. Zhang [2014] pointed out that the relative variation in Te and Ne measured by the ISL instru-
ment ought to be credible, while the absolute values of the electron density and temperature may not be
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Figure 9. Latitudinal proﬁles of the O+ density measured by the DEME-
TER IAP in the nightside from D-8 to D-7 (4–5 May, 2008). The graphs
present (a) the proﬁles of all orbits with varying longitudinal distances
from the epicenter whose color varies according to the color bar and (b)
the latitudinal proﬁles of the orbits whose longitudinal distances are less
than 15◦ from the epicenter. The solid and dashed lines represent the
average and 1𝜎 range of the orbit proﬁles. The brown and green dashed
lines represent H+ and He+ density proﬁles of Orbit-20536. (c) This graph
presents the latitudinal proﬁle of the electron density along Orbit-20536.
The speciﬁc ﬂuctuations in the O+ and electron density proﬁles are
marked with dotted circles.
accurately determined. In addition,
Wang et al. [2011] reported that the IAP
grid transparency actually lower than
the designated value, which can lead to
lowered ion density.
Regardless of the latitude or altitude,
the plasma motion was triggered by
the electric ﬁeld in general through
an E×B drift [Kelley, 1989]. The ULF
(DC–15 Hz) waveform measured by
the ICE (Instrument Champ Electrique)
[Berthelier et al., 2006a] on-board
DEMETER was investigated in order
to understand the density anomaly in
the vicinity of the epicenter. Because
the DEMETER spacecraft is three-axis
stabilized, there can be a slowly vary-
ing bias electric ﬁeld up to a few
mV/m. Due to the relative stability
of the electrode surface potential in
time, small-scale electric ﬁeld vari-
ations can be measured accurately
[Pı´ša et al., 2011].
Figure 10 presents the ULF waveform
measured in the two nightside orbits
mentioned above. The dayside orbit
data were contaminated by the pho-
toelectron eﬀect in the study period
and were not considered in this study.
The induced v × B components, which
were caused by the motion of the satel-
lite across the Earth’s geomagnetic
ﬁeld, were eliminated from the original
measurements. Therefore, the data pro-
cessed from the velocity of the satellite
and the value of geomagnetic ﬁeld
from the IGRF (International Geomag-
netic Reference Field) model [Finlay
et al., 2010] were used to calculate the
corresponding induced electric ﬁeld.
Figures 10a and 10b present the Ex , Ey , and Ez components for Orbit-20522 and Orbit-20536, respectively.
Because DEMETER had a polar orbit and ascends in the nightside, the +X direction represents the nadir
(Earth direction), while −Z direction represents the velocity vector (quasi northward direction) and+Y direc-
tion is normal to the orbit (quasi eastward direction) in each graph. Orbit-20522 was characterized by the
anomalous decrease of O+ density from the equator to the epicenter latitude, as depicted in Figure 9b.
For the electric ﬁeld, the eastward component (+Ey) was intensiﬁed near the equator. Near the epicenter
latitude, the Ez component (depicted by arrows in Figure 10a) exhibited an asymmetric disturbance. With
the epicenter latitude as the center, the Ez was reduced in the south and intensiﬁed in the north. The
latitudinal size of the disturbance was ∼10◦ and the intensity of the perturbed electric ﬁeld was about
2–3 mV/m. There are larger deviations of the electric ﬁeld in the poleward directions which are attributable
to the slowly varying bias electric ﬁeld inevitable for three-axis stabilized satellite as mentioned earlier in this
section. Considering that the northward electric ﬁeld could trigger a westward E × B drift in the Northern
Hemisphere and the DEMETER satellite local time was ∼22:30 in the evening section when the ion density is
lower in the east, the observed ion density proﬁle is consistent with the electric ﬁeld disturbances.
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Figure 10. The electric ﬁeld measured by the DEMETER ICE along (a) Orbit-20522 and (b) Orbit-20536. The Ex , Ey , and Ez components are indicated separately. The
Ez proﬁles of all orbits in (c) D-8 and (d) D-7, with varying longitudinal distances from the epicenter whose color varies according to the color bar. The solid and
dashed lines represent the average and 1𝜎 range of the orbit proﬁles. The vertical solid and dashed lines represent the geomagnetic latitude of the epicenter and
its conjugate latitude.
For Orbit-20536, the Ex , Ey , and Ez components commonly exhibited disturbances near the epicenter lati-
tude. The Ez component exhibited a similar pattern in that the Ez was reduced south of the epicenter. The
colored latitudinal proﬁles of D-8 and D-7 at diﬀerent longitudes in the same manner as for density data
are shown in Figure 10c and 10d. The absolute values of the electric ﬁeld in Orbit-20522 (Figure 10c) and
Orbit-20536 (Figure 10d) does not show clear deviation from the 1𝜎 range. This suggests that the electric
ﬁeld ﬂuctuations in these orbits does not show clear signatures of precursory or seismically excited ﬂuc-
tuation in the sense of the absolute value. Meanwhile, the latitudinal ﬂuctuations within the orbits with
magnitude ∼1𝜎, whose location coincide with the epicenter or its geomagnetic conjugate, suggest that the
electric ﬁeld ﬂuctuation could be involved in the density ﬂuctuations and used as a supplementary physical
quantity in studying seismo-ionospheric coupling or the earthquake precursors. In addition, the complete
electric ﬁeld conﬁguration at the time of disturbance could not be determined, because the satellite obser-
vations were limited to in situ measurements. However, the electric ﬁeld observations indicate that the
disturbances in the ion density or electron density caused by the seismo-ionospheric coupling were the
consequences of the complicated interactions of the plasma with the electromagnetic ﬁeld conﬁguration.
4. Discussion
Reductions in the atomic oxygen and molecular ion densities observed by the US satellite DE-2 around
theM7.1 Chilean coast earthquake of October 1981 were reported as an EIA-like feature centered around
the earthquake epicenter [Oyama et al., 2011]. The ion density reduction was explained as a superposition
of a quiet time eastward electric ﬁeld and an electric ﬁeld associated with the earthquake. Pulinets [2012]
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Figure 11. The equatorial electrojet (EEJ) derived from the CHAMP mag-
netometer measurement during the studied period (from 30 days before
and to 30 days after the Wenchuan earthquake). Each colored circle
represents the EEJ value for each orbit pass with the given equatorial
crossing longitude in the dayside. The horizontal dashed line repre-
sent the longitude of the epicenter. The curve in the color bar is the
normalized histogram of the EEJ values.
reported that the longitudinal variation
of foF2 obtained with the IS-338 topside
sounder was disturbed from the usual
longitudinal structure 2 days prior to
the M7.3 New Guinea earthquake of
16 July 1980. The distortion, i.e., the
reduction of the foF2 in the vicinity of
the epicenter, was maintained until
the day of the earthquake and then it
disappeared. They explained that the
longitudinal variations of the plasma
density could result from the increased
or decreased air conductivity through
radon emanations in the epicenter
region and followed by the decreased
or increased ionospheric potential in
the bottom of the F region ionosphere.
Recently, Ryu et al. [2014a] reported
the EIA intensiﬁcation prior to and after
theM8.7 Sumatra earthquake of March
2005 and the M8.0 Pisco earthquake
of August 2007 observed by the CHAMP and DEMETER satellites. It was explained that the change in the
ionospheric potential over the seismic region accompanied a converging zonal electric ﬁeld that triggered
an upward (downward) plasma movement. They used the latitudinal electron density variations to demon-
strate the seismo-ionospheric coupling. The two earthquakes were both located in the equatorial region,
which naturally aﬀects the equatorial ionosphere. In low latitudes, the ionosphere is dominated by electro-
dynamics through E × B drift. Hence, the enhancement of EIA before Wenchuan earthquake was deﬁnitely
caused by an external enhanced electric ﬁeld. On the other hand, it is possibly due to the process originating
in the lower atmosphere, termed as “meteorological” by Rishbeth and Mendillo [2001]. In principle, electron
density in F region can be aﬀected by upward propagating atmospheric waves such as tides, planet waves,
and atmospheric gravity waves, through modiﬁcation of composition, temperature, and wind structure of
the thermosphere. Simultaneously, E region electric ﬁeld can also be aﬀected through the dynamo mecha-
nism [Forbes, 1996], leading to a high day-to-day variability and the asymmetric longitudinal structure in EIA.
The statistical behavior of the longitudinal structure and its implication in the seismo-ionospheric anomaly
was already studied by Ryu et al. [2014b].
This study demonstrated that the previously reported TEC increases were fragments of the gradually
increased EIA intensity that began about a month before the main shock and had its maximum on D-8. The
enhanced EIA features were observed correspondingly in the electron density data of the DEMETER satel-
lite, CHAMP satellite, and the GPS TEC data. Considering that the geomagnetic latitude of the epicenter of
the Wenchuan earthquake was 24.7◦N, it could be suggested that the latitude of the seismic zone aﬀect-
ing the equatorial ionosphere through the seismo-ionospheric coupling processes be extended to ∼25◦ in
geomagnetic latitude.
Meanwhile, Dabas et al. [2006] and Hajra et al. [2009] demonstrated that equatorial electrojet (EEJ) strength
is well correlated with EIA. To investigate whether the observed EIA enhancements were related with the
EEJ variation, the EEJ values were derived from the CHAMP magnetometer [Maus et al., 2007] and shown in
Figure 11. During the studied period (D-30 to D+30), the EEJ values did not show any increments along the
epicenter longitude implying that the EIA enhancements observed along the epicenter longitude before the
earthquake occurrence were not caused by the intensiﬁed EEJ. In May 2008, there observed increases of EEJ
strength in the longitude range from 200◦ to 300◦ depicted as orange and red colors in Figure 11 and they
are thought to be related with increased EIA features in the corresponding longitude range (See Figure 6).
In the nightside, systematic disturbances related to the seismic activity were not found as were found in
the dayside ionosphere. Instead, peculiar latitudinal Ne and O
+ proﬁles were found in the orbits that passed
close to the epicenter during the successive two nights after the EIA intensity was maximized (D-8) in the
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dayside. The proﬁles were characterized by decreased O+ density and Ne in the south of the epicenter and
asymmetric increases in the north. The low-frequency (quasi DC) electric ﬁeld measured by ICE in the night-
time passes also exhibited asymmetric disturbances with the epicenter latitude as the center. The directions
of the electric ﬁeld disturbances imply that the ﬁeld was converging in the north-south direction.Walker
et al. [2013] reported that increases in ULF activity existed in the vicinity of the epicenter of the Wenchuan
earthquake. Considering that concurrent plasma density variations occurred in a large scale and the ULF
frequency of the enhanced spectrum was less than a few Hz, the ﬂuctuation in the ULF waveform could be
considered as a DC variation rather than a wave phenomenon.
The density and electric ﬁeld disturbances in the nightside could be understood using a combined view of
Pulinets [2012] and Kuo et al. [2011]. They stated that the increased conductivity either by the radioactive
radon gas emanated from the seismic zone [Ondoh, 2003] or by the positive hole charge carriers activated
by the stressed rocks [Freund, 2010] could generate the current ﬂow between the ground and the bottom of
the ionosphere. While Pulinets [2012] postulated that the B ﬁeld is horizontal so that only the zonal electric
ﬁeld had eﬀect, Kuo et al. [2011] assumed a vertical B ﬁeld at the bottom of the ionosphere when deriving
the electric ﬁeld conﬁguration in order to obtain horizontally diverging or converging electric ﬁelds. Later,
Kuo et al. [2014] modiﬁed their original model to be generalized to situations when the B ﬁeld was oblique
to the horizontal direction, which is applicable to the oﬀ-equatorial region. Unlike the original model [Kuo
et al., 2011], they assumed the ﬁnite conductivity (𝜎||) along the magnetic ﬁeld in order that the current
along the magnetic ﬁeld line (J||) could be nonzero.
Figure 12 presents the electromagnetic conﬁgurations that can explain the observations introduced in this
study. The electric ﬁeld conﬁgurations were adopted from the perspectives of Pulinets [2012] and Kuo et al.
[2011] for Figure 12a and of Kuo et al. [2014] for Figure 12b. At the midlatitude of the Northern Hemisphere,
the B ﬁeld direction is downward in the Northern Hemisphere as illustrated in the ﬁgure. The increased con-
ductivity of the atmosphere over the seismic zone and the current ﬂow cooperatively decrease (or increase)
the ionospheric potential. Then, the electric ﬁeld can be generated in radial directions in order to satisfy
the continuity equation of the current density (J) as ∇ ⋅ J = 0 as depicted in Figure 12a. The diﬀerence of
Figure 12b is that the model [Kuo et al., 2014] considered the ﬁnite conductivity along the magnetic ﬁeld
(𝜎||) while the other is based on the inﬁnite conductivity. In the case of ﬁnite 𝜎||, the electric ﬁeld can be
purely eastward or westward according to the current direction between the ground and the ionosphere
as depicted in Figure 12b. The electric ﬁeld perpendicular to the B ﬁeld is transferred parallel along the
geomagnetic ﬁeld lines. Then, the plasma in the vicinity of the generated electric ﬁeld is subject to the
E × B drift motion as indicated by the arrows with various colors. If the ionosphere is observed in a satel-
lite that travels from the south to the north in the nightside as in the DEMETER satellite situation, the E ﬁeld
along the satellite velocity would be disturbed asymmetrically with the seismic zone as the center, and
the Ne and ion density are deviated accordingly (see Figure 12a); this is consistent with the observations
by the DEMETER in the nightside of D-8 and D-7. Meanwhile, the eastward electric ﬁeld which triggers the
upward plasma drift and then the increase of the equatorial electron density could be the cause of the NEPD
increase in the dayside that reached its maximum at D-8 as shown in Figure 6. It is not clear what determines
the geometry of the electric ﬁeld (purely eastward/westward or radial direction) and the following density
variation. The possible causes of the variation are the stereoscopic conﬁguration of the seismic activity, the
ionospheric conductivity, the ionospheric potential, the local time, etc.
Rycroft et al. [2008] described the mechanism through which the air conductivity at the Earth’s surface
is modiﬁed and the consequent change for the ionospheric potential due to the apparition of electrical
charges. Harrison et al. [2010, 2014] presented an application of this mechanism to earthquake processes.
Pulinets and Ouzounov [2011] presented a Lithosphere-Atmosphere-Ionosphere Coupling model that
explains the precursory phenomena of earthquakes. According to these, radon is continuously emanated
from the Earth’s crust, even without earthquakes, and the deviated radon emissions in the earthquake
preparation period result in the ionospheric potential in the vicinity of the epicenter. However, debates
remain about the mechanism through which the change of conductivity around the epicenter is created;
thus, more observational and experimental evidence is required in order to resolve the controversy.
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(a)
(b)
Figure 12. The electromagnetic and plasma drift conﬁgurations over the seismic zone that could explain the observed
density and E ﬁeld disturbances. The schematics were constructed from the perspectives of (a) the inﬁnite iono-
spheric conductivity (𝜎||) model [Kuo et al., 2011; Pulinets, 2012] and of (b) the ﬁnite ionospheric conductivity model
[Kuo et al., 2014].
5. Conclusions
The ionospheric disturbances related to theM7.9 Wenchuan earthquake of 12 May 2008 were investigated
using the satellite measurements of DEMETER and CHAMP, in addition to the VTEC map derived from the
global GPS stations. In the dayside ionosphere, the enhancements of the EIA intensity were observed before
the earthquake occurrence both in the DEMETER and CHAMP Ne measurements, and these were conﬁrmed
with the GPS VTEC data. While the previous studies have typically reported on GPS TEC increases sev-
eral days before the main shock, this study revealed that the increments were fragments of the gradually
increased EIA strength near the epicenter longitude from approximately 1 month before and the EIA inten-
sity expressed as the NEPD was exceptionally large on D-8 with weakening afterward. These anomalous
features are strongly suspected as consequences of seismo-ionospheric coupling related to the Wenchuan
earthquake. This indicates that the latitude of the epicenter, which can aﬀect the equatorial ionosphere
through the seismo-ionospheric coupling process, should be extended to∼25◦ in geomagnetic coordinates.
The disturbances in the electron and the O+ density during the nightside and the concurrent perturbations
in the electric ﬁeld observed by the ICE instrument on-board DEMETER support that the ionospheric den-
sity disturbances were the result of E × B drifts caused by the ionospheric electric ﬁeld generated over the
epicenter. Finally, a detailed electromagnetic conﬁguration, which is a combined view of the established
explanations of the seismo-ionospheric coupling, was considered in order to explain the anomalous iono-
spheric behaviors observed by the satellites and ground GPS stations both in the dayside and nightside
before the Wenchuan earthquake.
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